M 3ϩ are divalent and trivalent metal cations, respectively, and A Ϫ is an interlayer anion that may include
1 h to 2 yr, the amount of Ni released from the precipitates decreased al., 1996 , 1997 , 1998 Scheidegger and Sparks, 1996;  from 98 to 0%, indicating an increase in stability with aging time Towle et al., 1997; Scheinost et al., 1999; Thompson et tates [M 2ϩ A Ϫ (OH) 2 ] are formed . tions (Elzinga and Sparks, 1999) . However, only a few ␣-Ni(OH) 2 precipitates on talc, suggesting that ␣-Ni(OH) 2 is less stable investigations have assessed the stability of the surface than Ni-Al LDH. The increase in stability of the Ni surface precipiprecipitates. Scheidegger and Sparks examined the distates in this study with residence time was attributed to three aging solution of short-aged Ni-Al LDH precipitates formed mechanisms: (i) Al-for-Ni substitution in the octahedral sheets of the on pyrophyllite using HNO 3 at pH 4 and 6. Nickel debrucite-like hydroxide layers, (ii) Si-for-NO 3 exchange in the interlaytachment was initially rapid at both pH values (with ers of the precipitates, and (iii) Ostwald ripening of the precipitate Ͻ10% of total Ni released) and was attributable to phases. It appeared that the second factor, Si-for-NO 3 exchange in desorption of specifically adsorbed, mononuclear Ni.
the interlayers, was a major mechanism for the increase in stability Dissolution then slowed due to the gradual dissolution of the precipitates.
of the precipitates. In comparison with a ␤-Ni(OH) 2 reference compound, the Ni-Al LDH surface precipi-N ickel is a heavy metal of concern in many parts of tates were much more stable. the world. The concentration of Ni in soil averages Ford et al. investigated the dissolution of Ni-Al LDH 5 to 500 mg Ni kg Ϫ1 soil, with a range up to 53 000 mg surface precipitates on pyrophyllite using an EDTA sokg Ϫ1 Ni in contaminated soil near metal refineries and in lution at pH 7.5. Detachable Ni drastically decreased dried sludges (USEPA, 1990) . Agricultural soils contain when the age of the precipitate increased from 1 h to approximately 3 to 1000 mg kg Ϫ1 Ni (WHO, 1991) . 1 yr. By employing high-resolution thermogravimetric Nickel sorption on soil minerals can result in both adanalysis (HRTGA), which is sensitive to changes in the sorbed (outer-and inner-sphere complexes) and precipinterlayer composition of LDH, and by comparing the itated phases (Scheidegger et al., 1997) . With increasing results of the surface precipitates with those of syntheawareness of the formation of metal surface precipitates sized reference compounds, showed on clay mineral and oxide surfaces (Chisholm-Brause that a substantial part of the aging effect was due to et al., 1990; O'Day et al., 1994; Sheidegger et al., 1996;  replacement of interlayer NO 3 by silicate, which transTowle et al., 1997), as well as soils and clay fractions formed the initial Ni-Al LDH into a Ni-Al phyllosili- (Roberts et al., 1999) , understanding the potential longcate precursor. The source of the silicate was the dissoluterm fate of the solid-state metal is necessary. The basic tion of the pyrophyllite surface during Ni sorption. structure of these surface precipitates is a hydrotalcite- and Scheckel and Sparks (2000) Previous studies have shown Ni surface precipitates
The six dissolution agents employed in this study were form on the sorbents employed in this study. Scheideg-HNO 3 at pH 4 and 6 to induce proton-promoted dissolution ger et al. (1996, 1997, 1998) (Borggaard, 1992; Bryce and Clark, phyllite and gibbsite at sorption times of 15 min and 24 h, 1996). Oxalate, a common root exudate that occurs in soils respectively. On talc and silica, ␣-Ni(OH) 2 precipitates ranging in pH from 4 to 6 depending on plant species and soil form at sorption times of 1 and 12 h, respectively, as conditions, illustrates ligand-catalyzed dissolution that natuseen by Scheinost et al. (1999) and Scheinost and Sparks rally occurs in the soil environment (Taiz and Zeiger, 1991) . form. Employing similar sorption reaction conditions as in the above previous studies, we conducted Ni sorption experiments from 1 h to 2 yr and examined the stabilMethods ity of surface precipitates using EDTA, HNO 3 , oxalate,
To investigate the influence of aging on the stability of the and acetylacetone as dissolution agents. The macroprecipitate phases, pyrophyllite, talc, gibbsite, silica, and the scopic dissolution behavior was interpreted in view of mixture were reacted with Ni for periods of 1 h to 2 yr. Experiprevious spectroscopic, microscopic, and thermogravimental conditions were as described in Scheidegger and Sparks metric studies. (1996) using an initial concentration of 3 mM Ni as Ni(NO 3 ) 2 , 10 g L Ϫ1 sorbents and a background electrolyte of 0.1 M NaNO 3
MATERIALS AND METHODS
at pH 7.5. The systems were purged with N 2 to eliminate CO 2 , and the pH was maintained through addition of 0.1 M NaOH Materials via a Radiometer pH-stat titrator (Westlake, OH). After 1 wk, the batch reaction vessel was removed from the pH-stat The pyrophyllite (Ward's, Robbins, NC), talc (Excalibur, and placed in a 25ЊC incubation chamber. The pH was subseCherokee Co., NC) and gibbsite (Arkansas, USA; Ward's) quently adjusted weekly with freshly prepared 0.1 M NaOH. samples from natural clay deposits were prepared by grinding Dissolution was carried out by a replenishment technique the clay in a ceramic ball mill for ≈14 d, centrifuging to collect using 1 mM EDTA at pH 4.0 or 7.5, 3 mM oxalate at pH 4.0, the Ͻ2-m fraction in the supernatant, Na ϩ saturating the 3 mM acetylacetone at pH 6.0, and HNO 3 at pH 4.0 or 6.0. Ͻ2-m fraction, and then removing excess salts by dialysis From the aging Ni-sorbent suspensions, 30 mL (corresponding followed by freeze drying. The precipitated amorphous silica to 300 mg of solid) were withdrawn. After centrifuging at (SiO 2 ) (Zeofree 5112) was obtained from the Huber Corpora-2 500 g for 5 min, the supernatant was decanted, and 30 mL tion (Atlanta, GA). Pyrophyllite and talc show little deviation of the dissolution agent was added to the remaining solids. from the ideal chemical formula of dioctahedral and trioctaheThe suspensions were then placed on a reciprocating shaker dral 2:1 phylliosilicate minerals, respectively, that are generally present in soils throughout the world. ligand complexes is also unlikely under the reaction conditions Sparks, 2000) . In the published studies, the Ni aging of this study (Nowack and Sigg, 1996; Elliot and Huang, 1979;  time ranged from 1 h to 1 yr. Based on these studies Elliot and Denneny, 1982; Chang and Ku, 1994; Zachara et and the present investigation, the effectiveness of the Bryce and Clark, 1996) , suggesting the Ni-ligand dissolution agent in removing Ni from the surface, from complexes in this study thermodynamically prefer to remain greatest to least, followed the sequence: EDTA (pH (Borggaard, 1992; Bryce et al., 1994; Zachara et al., tone, HNO 3 (pH 4.0), and HNO 3 (pH 6.0), respectively.
1995; Nowack and Sigg, 1996) . These studies demonstrated Similar trends were observed for dissolution of Ni prethat at lower pH values (Ͻ7) EDTA sorbed rapidly to surfaces cipitates on talc, gibbsite, silica, and the gibbsite-silica but prevented the formation of ternary Ni-EDTA complexes mixture (Table 1) . The large-scale macroscopic dissolution data are preelectron configuration and octahedral geometry (Shriver sented in Fig. 1 through 5 . Dissolution of Ni-Al LDH and Atkins, 1999). EDTA has six donor atoms (sexdenprecipitates on pyrophyllite (Fig. 1) and gibbsite (Fig. 3) tate ligand) and can encompass a metal ion using all six and ␣-Ni(OH) 2 precipitates on talc (Fig. 2) , amorphous silica (Fig. 4) , and the gibbsite-silica mixture (Fig. 5) of these donor atoms. Oxalate and acetylacetone are bidentate ligands with two donor atoms. Based on ligand rate-determining step (Stumm and Morgan, 1996) . The rate of proton-promoted dissolution increases as pH charge and number of donor atoms, one would expect EDTA to be more effective in complexing transition decreases ([H ϩ ] increases) as shown in this study for dissolution with HNO 3 at pH 4.0 vs. 6.0 (Table 1, Fig. 4) . metal cations than oxalate and acetylacetone. According to crystal-field theory, the magnitude of the energy gap Additionally, the pH of a ligand dissolution agent plays an important role in the rate of dissolution. EDTA (⌬ or 10Dq) resulting from a metal chelating with a ligand determines the stability of the metal-ligand comat pH 4.0 released more Ni from the precipitates than EDTA at pH 7.5, suggesting that, at the higher pH, plex. As the energy gap increases, the metal-ligand formation constants decrease, indicating the creation of a EDTA may be competing with OH Ϫ ions for metal binding sites. EDTA adsorption to reaction sites is pH weaker complex. In terms of the spectrochemical series, the ligands used in this study follow this order of increasdependent, and the fraction of EDTA adsorbed increases with decreasing pH (anion sorption envelope), ing ⌬: EDTA Ͻ oxalate Ͻ acetylacetone. This ranking supports the dissolution data in this study which shows where the dissolution rate has been shown to be directly proportional to the surface concentration (Bondietti et that at pH 4.0, EDTA Ͼ oxalate Ͼ acetylacetone in forming stable ligand complexes and removing Ni from al., 1993) . With a higher concentration of a particular ligand at a surface interface with decreasing pH, one the surface precipitates.
Proton-promoted dissolution is generally slower kiwould expect an increase in the rate of dissolution as seen by comparing the results of EDTA at pH 4.0 vs. netically than ligand-promoted dissolution (Stumm and Morgan, 1996) . Surface protonation tends to be fast and 7.5 (Table 1) . This may explain the poor dissolution behavior of near-neutral acetylacetone at pH 6.0 in comresults in polarization of the lattice sites around the metal center. Breaking of the metal-oxygen bond leadparison with oxalate at pH 4.0. The macroscopic data clearly show that (i) as aging ing to detachment of the aqueous metal species is the time increases, the stability of the precipitates increase EDTA and HNO 3 , the local chemical environment of the Ni precipitates did not change. Employing DRS, (Table 1, Fig. 1-5 ), (ii) ligand-promoted dissolution is more effective in removing Ni from the precipitate decreases in the amount of Ni precipitates on the minerals were observed as indicated by decreases in the 2 phases than proton-promoted dissolution (Table 1) , and (iii) as the pH of a particular dissolution agent decreases, absorption band heights. However, as noted in the XAFS studies ; Scheckel and the rate of dissolution increases (EDTA pH 4.0 Ͼ EDTA pH 7.5; HNO 3 pH 4.0 Ͼ HNO 3 pH 6.0). How- Sparks, 2000) , no changes were observed in the chemical composition of the precipitates. High-resolution therever, an important issue to address and understand is the physical and chemical environment of the Ni precipimogravimetric investigations also showed no changes in the chemical nature of the precipitates (Scheckel et tates during dissolution and the influence of residence time on the increase in precipitate stability. Recent studal., 2000; Scheckel and Sparks, 2000) , as confirmed by XAFS and DRS, but were able to detect changes in the ies employing molecular-level techniques have examined this subject in great detail for a few of the systems amount of the precipitates remaining on the surfaces following dissolution as determined in the DRS experrelated to this study, and a brief review relating this literature to the current study is presented below.
iments.
The macroscopic results ( Fig. 1-5 ) suggest that the , and Scheckel and Sparks (2000) examined the dissolution of 1-moelemental compositions of the sorbents play a role in determining the long-term stability of sorbed Ni. Ford aged Ni-Al LDH precipitates on pyrophyllite and gibbsite and ␣-Ni(OH) 2 precipitates on talc and a mixture of et al. (1999) and Scheckel and Sparks (2000) employed HRTGA to investigate Ni precipitate stability as a funcgibbsite and silica with EDTA (pH 7.5) and HNO 3 (pH 4.0) via spectroscopic and thermogravimetric analyses.
tion of aging time on Si-bearing sorbents (pyrophyllite, talc, silica, and gibbsite-silica mixture), which resulted X-ray absorption fine structure studies showed that even after substantial dissolution of the precipitates with in the initial formation of Ni precipitate (NO 3 -bearing interlayer) that transformed to a Si-exchanged interinfluence the mineral transformations Scheckel and Sparks, 2000) . layer precipitate and finally to a precursor Ni phyllosilicate in a 1-d to 1-yr reaction period. These perpetual Table 2 can be supported and explained by referring to studies by , who investigated interlayer changes of the Ni precipitates are believed to be part of the driving force for the observed increase the dissolution of Ni-Al LDH and ␣-Ni(OH) 2 synthetic reference compounds with NO 3 and Si-exchanged (conin stability with aging time. Table 2 lists the transformation sequence of the Ni firmed by Fourier transform infrared) interlayers. Using HNO 3 at pH 4.0, ␣-Ni hydroxide dissolved more rapidly precipitates associated with each sorbent for initial, short-term, and long-term reaction aging times. Initial than Ni-Al LDH. However, Si exchange of both layered hydroxide phases drastically increased their stability. product formation for pyrophyllite, talc, gibbsite, silica, and the mixture was determined from spectroscopic showed that the Si-exchanged ␣-Ni hydroxide was even more stable than the original studies (Scheidegger et al., 1996 (Scheidegger et al., , 1997 Scheidegger and Sparks, 1996; Scheidegger et al., 1998; NO 3 -interlayer Ni-Al LDH. The observed ranking of the reference compound stabilities [Si-exchanged 1999; Scheinost and Sparks, 2000; Scheckel and Sparks, 2000) . The short-term reaction interval represents aging LDH Ͼ Si-exchanged ␣-Ni(OH) 2 Ͼ LDH Ͼ ␣-Ni(OH) 2 ] strongly supports the contention that the lower stability times up to ≈3 mo, and the long-term transition period denotes Ͼ3-mo aging times. The exact times for the of Ni-gibbsite is due to Ni-Al LDH phases containing a NO 3 interlayer, while ␣-Ni hydroxide on talc, silica, short-and long-term transitions are not fully known since samples were collected at 1-, 3-, 6-, and 12-mo and the mixture and the Ni-Al LDH phase on pyrophyllite have silicated interlayers that significantly enhanced aging periods. The Al-for-Ni substitution in the octahedral sheet and/or Si-for-NO 3 substitution in the interNi precipitate stability. The dissolution behavior for the Si-exchanged ␣-Ni(OH) 2 precipitates on talc, silica, and layer (Al and Si are derived from the sorbent, if present) the mixture vary (Fig. 2, 4 , and 5), probably as a result lite and the transformation of ␣-Ni(OH) 2 to Ni-phyllosilicate on the gibbsite-silica mixture, talc, and silica. The of the degree of silication of the interlayer (mixture Ͼ silica Ͼ talc).
exchange of Si for NO 3 substantially increased the stability of the Ni precipitates. However, with Si-free gibbsite, Therefore, to summarize the data collected in this study, as aging time increased one observed the converthe increase in stability could be attributed to Ostwald ripening of the aged precipitates. The increase in stabilsion of Ni-Al LDH to Ni-Al-phyllosilicate on pyrophyl- ity was demonstrated macroscopically with all dissolucould be as simple as maintaining a soil pH above 6, tion agents, by the decreasing amounts of Ni removed which in this study resulted in Ni release ranging from from the precipitates as residence time increased. The 0 to 2% under very active dissolution conditions (HNO 3 , ligands employed in this study were more effective in pH 6.0) for precipitates aged for 1 yr ( Fig. 1-5 ). releasing Ni from the aged precipitates than HNO 3 , even when comparing EDTA at pH 7.5 to HNO 3 at pH 4.0.
CONCLUSIONS
These results demonstrate that the formation of Ni preWhile formation of metal surface precipitates has cipitates and the influence of aging time may be an received much attention in the literature, it is incumbent economical and practical way of remediating metals in natural environments via sequestration methods. This that one examines the potential long-term release of the 
